An electrochromic nanocomposite based on a nickel-salen polymeric filmpoly ], Mesalen = N, -and graphene nanoplatelets (GFNPs) with enhanced electrochromic stability was successfully prepared by anodic electropolymerization.
INTRODUCTION
The study of electrochromism, characterized by the reversible color change of an electroactive material as result of its electrochemical oxidation / reduction 1, 2 , has led to considerable progress in the synthesis of electrochromic materials and optimization of their properties, [3] [4] [5] [6] [7] as well as in the manufacture of electrochromic devices (ECDs).
2, [8] [9] [10] [11] [12] [13] Currently, one of the main technological challenges is the development of low cost, flexible and low energy consumption electronic devices for optical information 1, 14 . In this context, conducting polymers have been highlighted as a promising class of electrochromic materials, 7 although commercial realization of their potential has to date been limited by their durability and switching times.
Graphene has also attracted growing attention as a potential candidate for application in electrochemical and photo-electronic systems. 15, 16 Its two-dimensional structure exhibits a unique band structure and a range of unusual properties, notably very high values of charge carrier mobility ( 200 000 cm ), together with high chemical stability and optical transmittance. [17] [18] [19] [20] [21] [22] For these reasons, graphene and its derivatives have been identified as good components for conductive polymer-based composites for technological applications, [23] [24] [25] since this materials combination results in improvement of electrical conductivity and optoelectronic properties. [26] [27] [28] Although the study of electrochromic graphene-based systems is still in its infancy, recent reports reveal that the incorporation of graphene-derivatives in conductive polymer matrices enhances electronic transport in the polymer, with consequent improvement of response times and coloration efficiency. [29] [30] [31] Reddy et al. have shown that composite films of PEDOP-wrapped reduced graphene oxide showed 2-fold increase in electronic conductivity and improved switching kinetics compared with pure PEDOP. 29 More recently, Xiong et al reported that covalent bonding of polyaniline to functionalized graphene oxide resulted in an increase of optical contrast (from 0.38 to 0.52) and a decrease of bleaching time. 32 In this work, we extend these concepts through the preparation and electrochemical, optical, compositional and morphological characterization of a novel electrochromic system based on a composite of a M-salen-type polymer -poly[Ni(3-Mesalen)], with Mesalen = N,N'-bis(3-methylsalicylideneiminate) -and graphene nanoplatelets; the ultimate goal is assembly of a robust solid-state prototype electrochromic device (ECD).
Qualitatively, the pure polymer showed good electrochemical stability and an interesting color change from yellow in the fully reduced state to green and russet in higher oxidation states but, quantitatively, some of the EC properties required improvement for assembly of a practical ECD. 33 Consequently, in the present work, we explore the influence of a conductive nanomaterial -graphene nanoplatelets -on the electrochromic properties of poly[Ni(3-Mesalen)], in pursuit of fabrication of a solid state ECD. We now show that incorporation of graphene nanoplatelets into the poly[Ni(3-Mesalen)] structure significantly improved the EC properties of the pure polymer film, manifested via faster switching times and higher electrochemical stability. This permitted fabrication of an ECD on a flexible substrate (ITO/PET) with only 3% charge loss after 15 days of continuous switching. To the best of our knowledge, this is the first time that the beneficial effect of graphene on electrochromic properties of the Ni-salen matrix has been reported and resulted in the fabrication of a small EC prototype.
EXPERIMENTAL SECTION

Materials and Instrumentation
The complex N,N'-bis(3-methylsalicylideneiminate) nickel(II), [Ni(3-Mesalen)], and corresponding salen ligand were prepared as described in the literature. 34 Lithium perchlorate (99.9%, Aldrich), hydroxyethyl methacrylate (HEMA, Aldrich) and 2,2-dimethyl-1,3-propanediol (NPG, Aldrich), benzoin methyl ether (BME, Fluka), ethylene carbonate (EC, Huntsman Jeffsol) and acetonitrile and propylene carbonate (PC, Romil, pro analysis grade), synthetic graphite (99.9%, Alfa Aesar) and N-2-methylpyrrolidone (NMP, Aldrich) were used as received.
Electrochemical studies were performed using an Autolab PGSTAT 30 potentiostat/galvanostat (EcoChimie B.V.), controlled by GPES software, using a threeelectrode cell. The working electrode was indium tin oxide-coated PET (ITO/PET) (Aldrich, resistivity of 60 Ω sq X-ray photoelectron spectroscopy (XPS) measurements were performed at Centro de Materiais da Universidade do Porto (CEMUP) (Porto, Portugal), in a VG Scientific ESCALAB 200A spectrometer using non-monochromatised Al K radiation (1486.6 eV). After Shirley-type background subtraction, the XPS spectra were deconvoluted with the XPSPEAK 4.1 software, using a non-linear least-squares fitting routine. To compensate for errors caused by sample charging, the C1s band at 284.6 eV was used as an internal standard. The surface atom percentages were calculated from the corresponding peak areas, using sensitivity factors provided by the manufacturer. GFNPs were analyzed as pellets and the polymeric films were analyzed as-prepared.
Scanning electron microscopy/energy-dispersive X-ray spectroscopy (SEM/EDS) analyses were performed at CEMUP (Porto, Portugal) using a high-resolution scanning electron microscope with X-ray microanalysis and backscattered electron diffraction pattern analysis (FEI Quanta 400 FEG ESEM/EDAX Genesis X4M).
Transmission electron microscopy (TEM) analyses were performed at Centro de Investigação em Materiais Cerâmicos e Compósitos (CICECO), Universidade de Aveiro (Aveiro, Portugal), with a Hitachi H-9000NA microscope operating at an accelerating voltage of 200-300 kV. GFNPs were dispersed in ethanol under sonication, after which a carbon-coated 400 mesh copper grid was immersed in the suspension and then air-dried.
Preparation and characterization of graphene nanoplatelets
GFNPs were prepared by sonication-assisted exfoliation using a titanium ultrasound tip (Bandelin -Sonoplus), according to the procedure described by Khan et al. 35 Briefly, 10 g of graphite powder was sonicated in 100 mL of NMP for 6 hours. The concentration of the GFNPs was monitored by UV-Vis spectroscopy (at λ = 660 nm). [36] [37] [38] . Then, the dispersion was centrifuged and the supernatant was filtered and dried under vacuum, at room temperature. The resultant GFNPs were characterized by SEM, TEM and XPS; see Supporting Information (SI) (Figures S1, S2 and S3).
Film preparation and characterization
The deposition solution for the composite films contained 1.0 mmol dm 
where Q is the charge (C), n is the doping level, F is the Faraday constant and A is the working electrode area (cm 2 ). ) and the film emersed in the reduced state.
Electrochromic property evaluation
Film electrochromic properties were studied when exposed to 0.1 mol dm -3
LiClO4/PC. The change in optical density, ΔOD, at a given wavelength, was calculated using:
where Toxidized and Treduced are, respectively, the film transmittances in the fully oxidized (E = 1.3 V) and fully reduced (E = -0.2 V) forms.
The electrochromic contrast, ΔT (the percentage transmittance change at a specific wavelength), was determined using:
This was calculated from absorbance values at λ = 856 nm for films in the fully oxidized and fully reduced forms.
Long term materials redox stability was evaluated via the chronoamperometric response to extended electrochemical switching, in the form of 10 000 cycles each comprising alternating potential impulses (50 s each) between 0.0 and 0.6 V. Based on the established correspondence between peak current and optical change for pure poly[Ni(3-Mesalen)] films, 33 the composite material response time was determined from the chronoamperometric response. 42 A variation of peak current magnitude of 85% was used as the reference point. Before and after the chronoamperometric endurance tests, the modified electrodes were voltammetrically cycled.
Fabrication and characterization of a solid-state electrochromic device
The ECD based on GFNPs@poly[Ni(3-Mesalen)] polymer film was fabricated using a photopolymerizable electrolyte produced from HEMA monomer, containing: 6.0 g of a 0.1 mol. dm Note that, in this two electrode configuration (with no reference electrode) the potentials are necessarily slightly different to the three electrode cell configuration.
RESULTS AND DISCUSSION
Electrochemical preparation and characterization of the nanocomposite
The cyclic voltammograms obtained during the electropolymerization of the nanocomposite are depicted in Figure 1 (for comparison, cyclic voltammograms obtained during the electropolymerization of the pure polymer film are shown in Figure S4 ).
Qualitatively, the two voltammetric responses are very similar, which suggests that the presence of GFNPs did not substantively change the electropolymerization mechanism of poly[Ni(3-Mesalen)]. Table S1 . (Table S1 and Figure S5) ; this is attributed to the "film conditioning" behavior observed for poly[Ni(salen)] 33, 43 and indeed typical of many other electroactive films.
During redox switching of the nanocomposite film its electrochromic behavior was readily visible by eye, analogous to the behavior of poly[Ni(3-Mesalen)]. 33 The first SEM micrograph analysis was accomplished using BSE imaging mode and EDS spectra ( Figure S7 ). Data for the GFNPs@poly[Ni(3-Mesalen)] nanocomposite show that the rougher regions (marked Z1 and Z2 in Figure S7 ) correspond to thicker film clusters; this is deduced from the higher Ni content (from the polymeric film) in these regions. The polymer obscures the underlying ITO/PET substrate, so the In signal here is attenuated.
Conversely, in the smoother (thinner) regions (marked Z3 in Figure S7 ), the Ni signal is smaller and the lesser coverage of polymer results in less attenuation of the In signal. A similar distribution of these elements was found for pure polymer films ( Figure S6 ).
XPS was used to obtain surface compositional information for nanocomposite films (emersed in the reduced state) for comparison with that obtained for pure poly[Ni(3-Mesalen)] films. To explore any possible redox driven structural modifications, both films were subjected to 10 000 electrochemical cycles (potential pulses between E = 0.0 V and 0.6 V; 50 s hold at each value) and, after emersion in the reduced state, characterized by XPS. Table 1 summarizes the surface atom compositions. As-prepared 1.5 83.1 3.9 11.3 0.1 ND 2.6 7.5 0.1 After 10 000 cycles 1.5 54.6 5.5 27.3 5.1 5.1 3.7 18.2 3.4
GFNPs@poly[Ni(3-Mesalen)]
As-prepared 1.6 82. 
43,44
Surface atom ratios before and after electrochemical activity clearly reveal the occurrence of greater uptake of the supporting electrolyte by GFNPs@poly[Ni(3-Mesalen)]. Specifically, for the pure polymer, the O/Ni and Cl/Ni ratios increase, respectively, by factors of 2.4 and 34 after 10 000 redox cycles, whereas for the nanocomposite film the corresponding atom ratios increase by factors of 3.0 and 48.
Moreover, after 10 000 redox cycles the Li/Ni ratio increase is 3.4 times for the pure polymer and 6.4 for the nanocomposite. The increases in atom ratios, which are a measure of the electrolyte:polymer ratio, support the notion of increased free volume and consequent enhancement of ion intercalation into the polymer matrix in the presence of GFNPs.
Spectroelectrochemical characterization
Absolute UV-Vis spectra acquired during the oxidation of pure polymer and Quantitatively, two significant differences are highlighted in the nanocomposite spectra as compared to the pure polymer film spectra: the absorbance of the band at λ = 517 nm is clearly diminished (to the point of being almost undetectable) and the intensity increase of the band at λ = 857 nm is slightly more pronounced than for the corresponding poly[Ni(3-Mesalen)] film band. ). The first spectrum acquired is marked in orange (-) and the last one in green (-); arrows indicate scan direction.
The band profiles and their dependence on potential (notably the peak absorbance vs. potential profiles) are presented in Figure S8 . These profiles reveal similarities and differences, which are more readily appreciated via the differential spectra shown in respectively. Third, the bands at λ = 514-517 nm also increase in intensity with potential, but the onset of this increase is delayed in terms of potential (E  0.9 V).
The Abs vs. Q profiles for the graphene-based nanocomposite are shown in Figure   S11 , with the corresponding profiles for the pure poly[Ni(3-Mesalen)] film in Figure S12 .
The absence of hysteresis in Abs vs. Q plots of the nanocomposite ( Figure S11 .
The calculated values and the energies of the transitions are summarized in Table 2 . The order of magnitude of the molar extinction coefficients is consistent with previously reported values for pure poly[M(salen)] films. 33, 44 The energies of the which is intrinsically associated with the reddish coloration state, is exploited below.
Electrochromic properties
Detailed evaluation of the electrochromic properties was performed for the yellow ↔ green transition. Experimentally, polymer and composite films prepared using 30 electropolymerization cycles were compared. These have similar electroactive surface coverages: Γ  195 nmol cm 
21
The ΔT values (estimated at λ = 856 nm) were 58.8% for poly[Ni(3-Mesalen)] and 53.2%
for GFNPs@poly[Ni(3-Mesalen)] nanocomposite films. Voltammetric responses acquired before and after the chronoamperometric study, for both materials, are shown in Figure S15 . Qualitatively, a slight displacement of peak position and a current intensity decrease are observed for both materials, more so for the poly[Ni(3-Mesalen)] film. In terms of charge variation, the loss is about 16.6% for the pure polymeric film and practically zero (ca. 0.2%) for the graphene-based nanocomposite. These observations indicate that GFNP inclusion promotes longevity of poly[Ni(3-Mesalen)] electrochemical properties.
The inset in Figure 7 shows the current-time response for 3 electrochemical cycles for pure polymer and nanocomposite films. The values reveal the existence of some asymmetry in the times required for green and yellow coloration. This has been reported for other electrochromic polymers and is attributed to several factors such as switching direction, polymer conductivity, electric field strength and ion transport rate variations during film solvation. To evaluate the influence of prolonged electrochemical activity on response time, the same study was performed after four different intervals of chronoamperometric observations (50 s and 1.35, 5 and 12 days); the results are summarized in Table S2 . The main difference is related to the switching time for yellow coloration in the case of the single polymer component, which increased 29% after 10 000 electrochemical cycles.
The beneficial effect of GFNPs in stability terms is underscored by the fact that the corresponding increase of switching time for the composite film was only ca. 7%.
Based on the above findings -improved electrochemical and electrochromic properties for the GFNPs@poly[Ni(3-Mesalen)] nanocomposite film and optimal conditions -we now describe the assembly of a flexible solid-state ECD.
Fabrication and characterization of an electrochromic device
The schematic representation of the fabricated ECD are presented in Figure 8 ; its electrochemical and electrochromic behavior were characterized by cyclic voltammetry and chronoamperometry. Note that, unlike the electrochemical studies previously described, the potential values presented in this section correspond to potential differences between the working and the counter electrodes since the practical twoelectrode device does not include a reference electrode.
The cyclic voltammogram of the ECD is shown in Figure S16 . The observed peaks are broad and the anodic and cathodic processes occur at E = 0.88 V and at E = -0.03 V/-0.75 V, respectively. The voltammograms exhibited a reproducible and reversible profile after being cycled five times, consistent with the established electrochemical stability of the component materials.
It was possible to follow the device color change by eye during the redox process.
When the potential was alternated between E = -0.75 V and E = 0.6 V the color changed uniformly between green and yellow ( Figure 8 ). The images show that the device simultaneously presents the two colors because when the electrochromic nanocomposite deposited in one of the ITO/PET substrates is being oxidized (therefore presenting the green color), the electrochromic nanocomposite deposited in the other substrate is being reduced (yellow color). This is possible due to the transparency of the electrolyte that enables the simultaneous visualization of two distinct images with different colors at the same face of the device. Figure S17 shows the chronoamperograms obtained after 15 days of continuous ECD redox switching. The ECD showed outstanding long-term stability, which is crucial for electrochromic applications: during 15 days of uninterrupted electrochemical activity, the loss of charge was about 3% and the device maintained electrochromic performance.
The comparison between the cyclic voltammograms acquired before and after the chronoamperometric study ( Figure S18 ) also reveals that the redox processes do not show significant qualitative change, although the global charge is decreased by 15%. The time response (taken at 50% variation of peak current magnitude) during continuous electrochemical switching was determined at four points (see Table 3 ). The results show Percentage variation determined with respect to response time after 1 day of electrochemical activity.
CONCLUSIONS
A novel electrochromic system involving a composite material based on poly[Ni(3-Mesalen)] and graphene nanoplatelets was successfully fabricated, characterized (electrochemically, optically, compositionally and morphologically) and implemented in a prototype electrochromic device.
The simplistic hypothesis that a composite material might display the positive attributes of both components was more than realised: synergistic effects were also observed. The inclusion of GFNPs in poly[Ni(3-Mesalen)] films did not substantively change the redox or optical properties of the polymer, but did result in their dynamics (switching rate) and longevity (stability to extended switching operations) being substantially enhanced. GFNP incorporation was established by direct observation (SEM) and the disordered clustering of the nanoparticles resulted in increased free volume that was (at least in part) taken up by electrolyte (as determined by XPS).
Electrochemical characterization showed retention of similar electrochemical responses for GFNPs@poly[Ni(3-Mesalen)] nanocomposite films as compared to the pure polymer films: the irreversible electropolymerization and reversible polymer redox processes are retained in the presence of graphene nanoplatelets. The direct result of composite formation was increased electronic conductivity (from the GFNPs) and the indirect result was increased ionic conductivity (from incorporated electrolyte). Together these improved and extended film redox state switching rate; in particular the response times for both green and yellow coloration were roughly halved.
Based on these advances, a solid-state ECD based on the graphene-[Ni(3-Mesalen)] nanocomposite was successfully fabricated using a flexible ITO/PET substrate.
The electrochemical evaluation revealed excellent longevity during an extended (15 day) switching test; this performance is substantially superior to the previously reported electrochromic device based on a poly[Ni(3-Mesalen)] film. 33 Overall, this work signals the potential of graphene-Ni-salen polymer nanocomposites as valuable materials for EC applications, such as optical/electronic displays and paper-like applications. 
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